The cardiac sympathetic afferent reflex (CSAR) is a sympatho-excitatory reflex. The sympathetic afferent endings innervating the heart are chemosensitive and mechanosensitive. Epicardial application of bradykinin (BK), capsaicin or hydrogen peroxide stimulates the nerve endings in the heart, and then increases sympathetic tone and arterial pressure (Staszewska-Woolley & Woolley, 1989; Ludbrook, 1990; Malliani & Montano, 2002; Du & Chen, 2007) . The excitatory CSAR has been demonstrated in several animals (Abe et al. 1998; Ma et al. 1999a; Guo et al. 2002a; Han et al. 2005) . The CSAR is enhanced in chronic heart failure (CHF) and partly contributes to the overexcitation of the sympathetic nervous system (Ma et al. 1999b; Zhu et al. 2004a; Wang et al. 2005; Gao et al. 2005; Han et al. 2007) .
The hypothalamic paraventricular nucleus (PVN) is an important integrative site in the control of cardiovascular activity and sympathetic outflow via its projections to the intermediolateral column of the spinal cord and the rostral ventrolateral medulla (Badoer, 2001; Dampney et al. 2005; Coote, 2005) . Our previous studies have shown that angiotensin II (Ang II) and angiotensin type 1 (AT 1 ) receptors in the PVN modulate the CSAR in normal rats and dogs and partly contribute to the enhanced CSAR in CHF (Ma et al. 1999a; Zhu et al. 2004a; Wang et al. 2005) . Recently, we have found that NAD(P)H oxidase-derived reactive oxygen species, especially superoxide anions and hydrogen peroxide, in the PVN contribute to the effect of Ang II in the PVN on the CSAR in rats (Han et al. 2005; Zhang et al. 2006; Yu et al. 2007 ). Muscimol, a GABA A receptor agonist, in the PVN reduces the cardiogenic sympathetic reflex induced by BK in rats (Zahner & Pan, 2005) . These results suggest the importance of PVN in the central control of the CSAR.
It has been reported that stimulating the cardiac afferents with BK increases the number of c-Fos immunoreactive cell in the PVN in cats (Guo & Moazzami, 2004) . The present study was designed to demonstrate more conclusively that the PVN is an important component of the central neurocircuitry of the CSAR. The effects on the CSAR of inhibiting or exciting the PVN were determined. Then, the effects of bilateral electrolytic or chemical lesion of the PVN on the CSAR was investigated.
Methods

Animal preparation
Experiments were carried out in male Sprague-Dawley rats weighing between 300 and 400 g. The procedures were approved by the Experimental Animal Care and Use Committee of Nanjing Medical University and complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996) .
The rats were anaesthetized with urethane (800 mg kg −1 , i.p.) and α-chloralose (40 mg kg −1 , i.p.) in acute experiments. Supplemental doses of urethane and α-chloralose were administered at one-tenth of the initial dose per hour. The trachea was cannulated for positive-pressure ventilation using a rodent ventilator (51600, Stoelting, Chicago, IL, USA) with room air. The right carotid artery was cannulated for the recording of arterial pressure. Baroreceptor denervation and vagotomy were carried out and confirmed as previously reported (Zhu et al. 2002; Han et al. 2005) . Body temperature was maintained at 37 ± 1
• C with a heating pad. The method of the chronic PVN lesion is similar to previous reports (Sakaguchi et al. 1988; Peng et al. 2005) . Briefly, the rats were anaesthetized with chloral hydrate (400 mg kg −1 , i.p.). Surgery was carried out with sterile techniques without tracheal cannulation. Kainic acid (KA) was bilaterally microinjected into the PVN (2 nmol in 50 nl of saline for each side) with a stereotaxic instrument (Stoelting). The final experiment was carried out 7 days after the microinjection.
Renal sympathetic nerve activity (RSNA) recording
Renal sympathetic nerve activity was recorded as previously described (Zhu et al. 2004b; Han et al. 2005) . The signals were amplified with an AC/DC differential amplifier (model 3000, A-M System Inc., Washington, USA) with a low-frequency cut-off at 60 Hz and a highfrequency cut-off at 3 kHz. The amplified and filtered signals were integrated with a time constant of 10 ms. The background noise was determined after section of the central end of the renal nerve at the end of the experiment and was subtracted from all the integrated values of the RSNA. The raw RSNA, integrated RSNA, arterial pressure and heart rate were recorded on a PowerLab data acquisition system (8SP, ADInstruments, Bella Vista, NSW, Australia). The RSNA was expressed as the percentage change from control values.
Determination of the CSAR
The chest was opened through the fourth intercostal space. The pericardium was removed to expose the left ventricle. The CSAR was elicited by application of a piece of filter paper (3 mm × 3 mm) containing either BK (0.3 nmol in 2.0 μl of saline) or capsaicin (1.0 nmol in 2.0 μl of saline) to the epicardial surface of the anterior wall of the left ventricle. Each piece of paper was applied for 1 min and then removed. The epicardium was rinsed three times with 10 ml of warm (38
• C) normal saline. The CSAR was evaluated by the response of the RSNA to epicardial application of BK or capsaicin. Epicardial application of a piece of filter paper containing saline was used as a control. The saline failed to induce the CSAR, which has been reported previously (Guo & Moazzami, 2004) .
Microinjection into PVN
The co-ordinates for PVN of rats were determined according to the rat atlas of Paxinos & Watson (2005) , and are 1.8 mm caudal to bregma, 0.4 mm lateral to the mid-line and 7.9 mm ventral to the dorsal surface with a stereotaxic instrument (Stoelting). The volume of the microinjection in each PVN was 50 nl, and the microinjection was completed within 1 min. At the end of the experiment, 50 nl of Evans Blue (2%) was injected into the microinjection site. The microinjection site was verified histologically. The coronal photomicrograph of the brain section showing the microinjection site of the PVN is similar to our previous report (Han et al. 2005 (Han et al. , 2007 . Only the data of rats whose microinjection sites were within the boundaries of the PVN were used for analysis.
Electrolytic lesion of PVN
The method of electrolytic lesion was similar to previous reports (Rossi & Chen, 2001; Selvage & Rivier, 2003; Dube et al. 2006) . Briefly, the PVN was destroyed bilaterally by passing 1 mA of anodal direct current via a concentric bipolar insulated electrode with an exposed tip of 0.5 mm for 10 s each side using the stereotaxic co-ordinates mentioned in the subsection above. For sham lesion, the same procedure was used, but no current was passed through the electrode.
Histology
At the end of the experiments, the rats were anaesthetized with a lethal dose of sodium pentobarbitone (100 mg kg −1 , i.p.) and their brains were analysed at the light microscopic level and the electron microscopic level. For light microscopy, the brains were transcardially perfused with 10% neutral buffered formalin and fixed for at least 2 days, Exp Physiol 93.6 pp 746-753
followed by embedding in paraffin. The sections (5 μm thick) were mounted on glass slides and stained with Haematoxylin and Eosin to determine the lesion sites. For electron microscopy, initial fixation was produced by transcardial perfusion with fixative (2.5% glutaraldehyde and 2% paraformaldehyde mixture in phosphate buffer). After perfusion the brains were removed, the PVN was cut into 1 mm 3 small dice and left in the fresh fixative for 2 h. Then tissues were postfixed in osmium tetroxide before processing for epoxy resin embedding. Ultrathin sections were stained with uranyl acetate and lead citrate and observed with a JEM 1200 transmission electron microscope.
Protocols
Firstly, the effects on the CSAR of lignocaine and l-glutamate, which reversibly inhibit and activate the neurons in the PVN, respectively, were investigated. Lignocaine (8.5 nmol), l-glutamate (1 nmol) and saline were microinjected into the bilateral PVN in three groups of rats (n = 7 for each group). The CSAR was determined before microinjection, 5 and 30 min after microinjection.
Secondly, electrolytic lesion and sham lesion of the PVN were carried out in two groups of rats (n = 6 for each group). The CSAR was determined 10 min before and 10 min after the lesion.
Lastly, kainic acid (KA) was used to create a chemical lesion to destroy neuronal perikarya in the PVN but spare axons of passage and terminals in the vicinity of the injection site (Metzner & Juranek, 1997) . The effects of microinjection of KA (2 nmol) and saline into the PVN on the CSAR were determined in two groups of rats (n = 6 for each group). The CSAR was evaluated before and 90 min after microinjection.
To exclude the possibility that the effect of KA on the CSAR was caused by diffusion to other brain areas, the effect of microinjection of the same dose of KA into the anterior hypothalamic area, which is adjacent to the PVN, on the CSAR was also determined (n = 3). Furthermore, the long-term effect of KA on the CSAR was observed on the eighth day after microinjection (n = 3).
Drugs
Bradykinin, capsaicin, lignocaine, urethane, α-chloralose, chloral hydrate, l-glutamate and kainic acid were obtained from Sigma Chemical Co. All the drugs were dissolved in normal saline.
Statistics
Comparisons between two observations in the same animal were assessed by Student's paired t test. Oneway ANOVA, followed by the Student's paired t test, was used when multiple comparisons were made. All data are expressed as means ± s.e.m. P < 0.05 was considered statistically significant.
Results
Effects of lignocaine
Bilateral microinjection of 8.5 nmol of lignocaine into the PVN, which inhibits the neurons in the PVN, almost abolished the CSAR evoked by epicardial application of either BK or capsaicin (Fig. 1) . The CSAR completely recovered in 30 min. However, lignocaine had no significant effect on the baseline RSNA and MAP (Table 1) . Microinjection of saline into the PVN did not cause significant change in the baseline RSNA, MAP and CSAR.
Effects of L-glutamate
Bilateral microinjection of l-glutamate into the PVN caused immediate and short-lasting increases in the baseline RSNA and MAP (Table 1) , peaking at about 1 min and recovering at approximately 3-4 min. The CSAR was enhanced at 5 min and recovered at 30 min after microinjection of l-glutamate (Fig. 1) .
Effects of electrolytic lesion of PVN
Compared with the sham lesion, bilateral electrolytic lesions of the PVN almost abolished the CSAR (Fig. 2) , but had no significant effect on the baseline RSNA and MAP (Table 1) . Representative photomicrographs of transverse sections at the level of the third ventricle (3rd V) show the bilateral PVN lesions and the dilatation of the third ventricle caused by direct current (Fig. 3) .
Effects of chemical lesion of PVN
Bilateral microinjection of 2 nmol of kainic acid (KA) into the PVN resulted in immediate and great increases in the baseline RSNA and MAP, which gradually recovered in 40-60 min. Then the RSNA and MAP remained at the baseline levels. At the 90th minute after KA administration, the CSAR was abolished (Fig. 4A) . The electron photomicrograph in Fig. 4B shows prominent vacuolation and dilatation of the mitochondria in the neuronal perikarya of the PVN without significant change in the neuronal fibres at the 100th minute after KA.
On the eighth day after the PVN microinjection of the same dose of KA, the CSAR induced by either BK or capsaicin was still abolished compared with saline (BK:KA 0.1 ± 2.3% versus saline 15.4 ± 2.1%, P < 0.01; capsaicin:KA 0.3 ± 2.0% versus saline 16.2 ± 2.1%, P < 0.01).
As shown in Fig. 5 , microinjection of KA into the anterior hypothalamic area, which is adjacent to the PVN, did not abolished the CSAR, but microinjection of KA into the PVN abolished the CSAR. Compared with saline, The RSNA data before intervention were taken as 100%. Values are means ± S.E.M. * P < 0.05 compared with saline.
microinjection of KA into the anterior hypothalamic area had no significant effect on the CSAR induced by either BK or capsaicin (BK:KA 14.1 ± 2.6% versus saline 16.5 ± 3.5%, P > 0.05; capsaicin:KA 16.8 ± 3.2% versus saline 15.9 ± 2.6%, P > 0.05).
Discussion
The PVN is an important integrative centre in the control of sympathetic activity and arterial pressure (Li & Patel, 2003; Kenney et al. 2003; Schlenker, 2005) . The present study found that inhibition of the PVN with lignocaine abolished the CSAR induced by epicardial application of BK or capsaicin, while activation of the PVN with lglutamate enhanced the CSAR. Either electrolytic lesion It is known that lignocaine is a local anaesthetic which blocks voltage-gated sodium channels. Microinjections of lignocaine in discrete brain areas have been widely used as a tool for reversible functional inactivation (Sandkuhler et al. 1987; Fernandes et al. 2007) .We found that both the reversible inhibition of the PVN with lignocaine and the irreversible lesion of the PVN with direct current abolished the CSAR, indicating the necessity of the PVN area for the CSAR.
l-Glutamate is an excitatory amino acid, which generally causes the excitation of neurons (Vieira Braga et al. 2006; Busnardo et al. 2007 ). Microinjection of glutamate into the PVN increases the RSNA, MAP and plasma catecholamine levels (Martin & Haywood, 1992; Li et al. 2006) . Recently, it has been reported that resting sympathetic vasomotor tone is maintained by tonic glutamatergic input in the PVN in spontaneously hypertensive rats (Li & Pan, 2007) . We found that microinjection of l-glutamate into the PVN enhanced the CSAR, indicating that activation of the neurons in the PVN enhances the CSAR. The glutamateinduced CSAR enhancement may be due to its facilitatory effect on the CSAR-related neurons in the PVN.
Kainic acid is known to destroy neuronal perikarya without damage of axons of passage and terminals in the vicinity of the injection site (Coyle, 1987; Olazabal & Ferreira, 1997; Metzner & Juranek, 1997) . It has been reported that the neurons at the injection site fire immediately at a very high rate after injection of KA, and that no neuronal activities are recorded at the injection site 1 h later (Metzner & Juranek, 1997) . In the present study, microinjection of KA into the PVN caused immediate and great increases in the baseline RSNA and MAP because of overexcitation of the neurons in the PVN. The RSNA and MAP returned to the baseline level in 40-60 min because of the lesion of the neurons in the PVN. Most importantly, KA abolished the CSAR not only at the 90th minute but also on the eighth day after the PVN microinjection of KA. However, microinjection of KA into the anterior hypothalamic area, which is adjacent to the PVN, failed to abolish the CSAR. Lesion of neuronal perikarya without obvious lesion of neuronal fibres in the PVN was confirmed with the electron photomicrograph at the 100th minute after administration of KA. These results indicate that it is the neurons in the PVN, but not the fibres passing through the PVN, that mediate the CSAR. We conclude that the PVN is involved in the central pathway of the CSAR, which is supported by the findings that stimulation of the cardiac afferents with BK increases the number of c-Fos immunoreactive cells in the PVN in cats (Guo & Moazzami, 2004) .
We have reported that activating AT 1 receptors in the PVN enhances the CSAR (Zhu et al. 2004a,b; Wang et al. 2005) . Activation of GABA A receptors in the PVN reduces the CSAR (Zahner & Pan, 2005) . Recently, we have found that NAD(P)H oxidase-derived superoxide anions and hydrogen peroxide in the PVN mediate the CSAR and and KA-treated rats (right panel) at the 100th minute after the PVN microinjection. In control rats, the typical ultrastructure appears intact, including subcellular organelles such as mitochondria, rough endoplasmatic reticulum, synaptic vesicles and neuronal nuclei (N). In KA-treated rats, prominent vacuolation and dilatation of the mitochondria (arrows) appear in the neuronal perikarya of the PVN without obvious lesion in the neuronal fibres.
contribute to the effect of Ang II in the PVN on the CSAR in rats (Han et al. 2005 (Han et al. , 2007 Zhang et al. 2006; Yu et al. 2007) . These results further support the present findings that the PVN is one of the important integrative centres in the CSAR pathway. In the present study, there was no significant difference between the BK-induced CSAR and the capsaicin-induced CSAR, suggesting that the PVN-mediated central neurocircuitry of the CSAR is not limited to one particular kind of epicardial stimulation.
In contrast, some brainstem nuclei, such as nucleus tractus solitarii (NTS) and rostral ventrolateral medulla (RVLM), are also involved in modulating the CSAR (Li & Pan, 2000; Guo et al. 2002a,b; Wang et al. 2006 Wang et al. , 2007 . The NTS receives sensory inputs from cardiac receptors, and may be an important area for the central transmission of the CSAR (Xie et al. 1999; Wang et al. 2006 Wang et al. , 2007 . The RVLM is another important component in several cardiovascular reflex pathways involved in the control of the CSAR and sympathetic outflow (Li & Pan, 2000) . It is known that the PVN controls the cardiovascular activity and sympathetic outflow via its projections to the intermediolateral column (IML) of the spinal cord and the RVLM (Badoer, 2001; Dampney et al. 2005; Coote, 2005) . Unfortunately, the interaction among the NTS, PVN and RVLM in control of the CSAR remains unclear. It is possible that the afferent signals from cardiac receptors arrive directly at the PVN and/or arrive indirectly at the PVN by the relay of the NTS, and that the PVN sends projections to the RVLM and the IML of the spinal cord to control sympathetic outflow.
It has been found that inhibition of PVN neurons with muscimol, a GABA A receptor agonist, attenuates the CSAR (Zahner & Pan, 2005) . The results suggest that some PVN neurons with GABA A receptors partly mediate the CSAR. We found that the reversible inactivation of the PVN with lignocaine, or irreversible ablation of the PVN with electrolytic or chemical lesions, abolished the CSAR, suggesting that the PVN is an important component of the central neurocircuitry of the CSAR. It is interesting that inhibition or lesion of the PVN abolishes the CSAR, but does not decrease the baseline RSNA and MAP in rats (Sakaguchi et al. 1988; Rossi & Chen, 2001; Reddy et al. 2005) . A possible explanation is that the CSAR is not important for tonic control of the sympathetic outflow and arterial pressure in the normal state. Although many molecules in the PVN are involved in mediating or modulating the CSAR, the CSAR-enhancing andinhibiting mechanisms in the PVN may be kept in balance in normal animals. The imbalance in the PVN may result in corresponding changes in the CSAR, baseline RSNA and MAP in certain pathological states, such as CHF, which is supported by findings that increased Ang II and AT 1 receptor function in the PVN contribute to the enhanced CSAR and baseline RSNA in rats with CHF (Zhu et al. 2004a,b; Wang et al. 2005) .
In summary, bilateral PVN microinjection of lignocaine to inhibit the neural activity of the PVN abolishes the CSAR, but the excitatory amino acid, l-glutamate, enhances the CSAR. Either non-selective electrolytic lesion of the bilateral PVN or selective lesion of the neurons in bilateral PVN with KA abolishes the CSAR. The results indicate that the PVN is a pivotal component of the central neurocircuitry of the CSAR.
